Myotonic dystrophy is an autosomal dominant muscular dystrophy not only associated with muscle weakness, atrophy, and myotonia but also prominent multisystem involvement. There are 2 similar, but distinct, forms of myotonic dystrophy; type 1 is caused by a CTG repeat expansion in the DMPK gene, and type 2 is caused by a CCTG repeat expansion in the CNBP gene. Type 1 is associated with distal limb, neck flexor, and bulbar weakness and results in different phenotypic subtypes with variable onset from congenital to very late-onset as well as variable signs and symptoms. The classically described adult-onset form is the most common. In contrast, myotonic dystrophy type 2 is adult-onset or late-onset, has proximal predominant muscle weakness, and generally has less severe multisystem involvement. In both forms of myotonic dystrophy, the best characterized disease mechanism is a RNA toxic gain-of-function during which RNA repeats form nuclear foci resulting in sequestration of RNA-binding proteins and, therefore, dysregulated splicing of premessenger RNA. There are currently no disease-modifying therapies, but clinical surveillance, preventative measures, and supportive treatments are used to reduce the impact of muscular impairment and other systemic involvement including cataracts, cardiac conduction abnormalities, fatigue, central nervous system dysfunction, respiratory weakness, dysphagia, and endocrine dysfunction. Exciting preclinical progress has been made in identifying a number of potential strategies including genome editing, small molecule therapeutics, and antisense oligonucleotide-based therapies to target the pathogenesis of type 1 and type 2 myotonic dystrophies at the DNA, RNA, or downstream target level.
Introduction
The myotonic dystrophies are autosomal dominant skeletal muscle disorders associated with multisystem involvement. Myotonic dystrophy type 1 (DM1; OMIM #160900) is the most common form of muscular dystrophy in adulthood, affecting about 1 in 8000 individuals; however, reported prevalence varies significantly depending on the population studied [1, 2] . DM1 is caused by a cytosine, thymine, guanine (CTG) repeat expansion of > 50 repeats in the dystrophia myotonica protein kinase (DMPK) gene on chromosome 19q13.3.
Myotonic dystrophy type 2 (DM2; #602668) is a phenotypically similar but distinct disorder related to a CCTG repeat expansion in the CCHC-type zinc finger nucleic acidbinding protein (CNBP, also known as ZNF9) gene on chromosome 3q21 [3] .
There are currently no disease-modifying treatments available for the myotonic dystrophies. The systemic nature of these disorders has significant implications outside of the muscular system ( Fig. 1) , and in many individuals, extramuscle involvement far exceeds skeletal muscle impairment. In this review, we will discuss the multisystem symptom burden of DM1 and DM2, the recent progress in the understanding of molecular pathogenesis, and how this understanding is leading to the development of potential strategies for therapeutic intervention.
Overview
DM1 shows a remarkably diverse set of symptoms and wide variability of disease onset, and together, this often results in a Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13311-018-00679-z) contains supplementary material, which is available to authorized users. delay in diagnosis or misdiagnosis [4] . DM1 has traditionally been broadly divided into 3 phenotypic groups: congenital, classic, and mild. These phenotypic groups have been further subdivided into congenital, childhood-onset, adult-onset, lateonset, and premutation subtypes with some authors also including a juvenile-onset subtype (Table 1) [5, 6] . The classically described and best characterized subtype is adult-onset DM1, with wide-ranging variability in its prevalence, between 0.5 and 18.1 per 100,000 [7] . It also exhibits a significant founder effect; for example, its frequency is 1 in 550 in Northeastern Quebec [8] . Adult-onset DM1 is associated with cataracts, abnormal muscle relaxation related to myotonia, muscle weakness and atrophy, cardiac conduction abnormalities, central nervous system (CNS) dysfunction, sleep disorders, gastrointestinal and endocrine dysfunction, frontal balding, and shortened lifespan [8, 9] . Congenital DM1, occurs at a frequency of about 2 per 100,000 and is characterized by hypotonia at birth with the absence of myotonia, significant intellectual impairment, and a high frequency of respiratory insufficiency or failure leading to death in about 30% in the neonatal period [10, 11] . Both childhood-onset and juvenile forms are characterized by cognitive dysfunction, particularly psychosocial impairment; however, the juvenile form typically has fewer motor and cardiac symptoms than the childhoodonset form until later in life. Late-onset DM1 is characterized by cataracts, less severe muscle involvement, and normal lifespan. Individuals with premutations, CTG repeat size from 38 to 49, are asymptomatic but are at increased risk of transmitting a pathologically expanded mutant allele. It has been suggested that disease phenotype is more severe in males with DM1 [12] . Although there are many overlapping phenotypic features in DM1 and DM2, key characteristics that distinguish DM2 from DM1 include a more proximal pattern of muscle weakness and overall less severe cardiac, respiratory, and central nervous system involvement [13] . In contrast to DM1, onset of DM2 occurs in adult ages with no reports of congenital onset (Table 1) . Multisystemic features are not as prominent in DM2, but earlier onset disease is associated with more prominent multisystemic involvement [14] . Symptoms of DM2 appear to be sexually dimorphic, as women more frequently show proximal muscle weakness and more severe disease, whereas men more frequently show symptoms of myalgia-type pain [14] . DM2 is less common than DM1, with a reported prevalence of 0.99 per 100,000 [7] .
Multisystem Symptom Burden and Overview of Clinical Care

Skeletal Muscle
The most prominent features of the myotonic dystrophies are skeletal muscle weakness, atrophy, and myotonia. The pattern of muscle weakness significantly differs between DM1 and DM2. DM1 typically presents in a predominantly distal pattern, with certain muscle groups such as long finger flexors, ankle plantar flexors, and ankle dorsiflexors being more severely affected. Jaw and facial muscles, as well as the neck flexors, are also significantly involved. In contrast, DM2 presents in a proximal predominant pattern. Facial and bulbar muscles are spared in the majority of DM2 patients. In both DM1 and DM2, symptoms of weakness are typically symmetric. Muscle pain is common in both DM1 and DM2, being reported in about 50 to 90% of patients, but may be more overlooked in DM1 because of the emphasis on other symptoms by patients and physicians [15, 16] . In DM2, pain is the first symptom of disease in up to 11% of patients [4] .
There are currently no treatments for muscle weakness other than supportive interventions. Exercise appears to be safe and well tolerated, but study results have been mixed in regard to improvement of function [17] [18] [19] [20] . Distal leg weakness, more prominent in DM1, can result in significant gait difficulties. Ankle foot orthoses, such as off-the-shelf anterior shell carbon fiber ankle-foot orthoses (ground reaction ankle foot orthoses), can be helpful to increase stride length and improve gait mechanics and are well tolerated by patients [21] . Ground reaction ankle foot orthoses, in addition to helping with plantarflexion and dorsiflexion weakness, may also help with knee extension weakness, a common feature in DM1.
Clinical and electrical myotonia is almost always present in patients with adult-onset DM1 and has been shown to correlate with CTG repeat size [22] . Myotonia may occasionally cause severe impairment of limb or bulbar function (speech or swallowing) in patients with DM1, but this is rare in DM2 [13] . In DM2, clinical myotonia is present in less than 50% of patients and electrical myotonia is variable and can be difficult to elicit [13, 23] . However, modifier genes, specifically SCN4A and CLCN1, can change the severity of myotonia in DM2. Cases of both CLCN1 and SCN4A mutations present in DM2 patients have been shown to enhance the myotonic phenotype [24] [25] [26] . Sodium channel blockers, such as mexiletine, have been used for many years to treat myotonia in both the myotonic dystrophies as well as the nondystrophic myotonias. A randomized, double-blind, placebo-controlled trial did show it to be effective in reducing clinical myotonia in patients with DM1 without any significant adverse events [27] . However, the drug does have proarrhythmic potential, and use is contraindicated in second-or third-degree AV block which may increase risk in some patients with DM. Lamotrigine, another sodium channel blocker, has been shown to be effective in nondystrophic myotonia, and ranolazine, which increases slow inactivation of sodium channels, may be effective for the treatment of myotonic dystrophy as well as nondystrophic forms of myotonia such as paramyotonia congenita and myotonia congenita [28] [29] [30] [31] [32] .
Other Neurological Manifestations
An array of both peripheral nervous system and CNS abnormalities have been reported in both DM1 and DM2. The manifestations of CNS impairment in the myotonic dystrophies may be 1 of the most important yet poorly understood aspects of the disease and were recently reviewed in detail by Gourdon and Meola [33] . Commonly reported CNS-related symptoms include fatigue, apathy, and cognitive difficulties. Although it has been suggested that fatigue may be related to the sleep-disordered breathing observed in this population, some studies have shown no relationship [34] . Symptoms of fatigue are likely multifactorial and may be related to peripheral and central factors. Individual-reported severity of fatigue as measured by the Fatigue Severity Scale has been shown to correlate with muscle function [35] . Impaired muscle activation was reported over 30 years ago in myotonic dystrophy, and this could reflect factors such as impaired motor unit recruitment or rate coding, which could influence fatigue as well as muscle function [36] .
Modafinil has long been used for the treatment of hypersomnia and fatigue in myotonic dystrophy. A C o c h r a n e r e v i ew i n 2 0 0 6 e x a m i n e d t h e u s e o f psychostimulants in DM and found that only 4 studies showed modafinil to have slight, but inconsistent benefits [37] . A double-blind, placebo-controlled trial in 13 patients performed later showed that modafinil did reduce somnolence but did not significantly increase activity level [38] . Still, a large survey including 145 patients with DM1 and 146 relatives found that 85% of responders believed modafinil had been of Bmarked or dramatic^benefit [39] .
Cognitive impairment and fatigue have been associated with worse quality of life measures in adult patients [40] . One study comparing cognitive dysfunction in DM1 and DM2 showed that almost all DM1 patients had deficits in multiple cognitive domains whereas 1/3 of DM2 patients had completely normal findings [41] . In this study, the most commonly affected domains in both DM1 and DM2 patients were visuospatial and executive function. In DM1, cognitive problems are broadly associated with CTG repeat size as congenital forms have severe cognitive delay, whereas those with a mild phenotype seem to perform better on cognitive measures than those with a classic adult-onset phenotype [42] . There is significant variability, however, which is likely due to the differences in repeat size between tissues [43] .
Peripheral neuropathy has been reported in both DM1 and DM2 and appears to occur in about 10 to 15% of patients on the basis of nerve conduction studies, but clinical symptoms related to neuropathy such as loss of balance or sensory loss are not usually evident [44, 45] . Potential autonomic manifestations of peripheral nervous system involvement could include some of those discussed as part of the cardiac and GI symptom burden (i.e., cardiac conduction abnormalities, orthostatic hypotension, GI dysmotility), but it has been argued that these are primarily due to target organ involvement rather than generalized autonomic system involvement [46] .
Respiratory
Respiratory failure is the most common cause of death in myotonic dystrophy [47] . It has been correlated with CTG repeat size and may even exist in the absence of significant muscle weakness [48] . The respiratory dysfunction likely results from a combination of skeletal muscle weakness and central nervous system dysfunction [49, 50] . Irregular breathing patterns, sleep breathing disorders, and the finding of reduced ventilatory response to CO 2 independent of respiratory muscle weakness all suggest that the central nervous system plays an important role in pathogenesis [50] [51] [52] . Importantly, it has been noted that patients with DM1 may not be aware of their symptoms related to respiratory failure so physicians should be careful in the way questions are posed and monitor respiratory parameters even in the absence of obvious symptomatology [49] . Although respiratory parameters are typically monitored upright, supine evaluation of pulmonary function may be more sensitive at detecting a restrictive ventilatory pattern [48] . With regard to supportive care, noninvasive ventilation for respiratory weakness has been shown to potentially improve survival in DM1 patients, but therapeutic adherence may be poor and requires close follow-up [53] . This is being explored further in an ongoing open label, multicenter randomized controlled trial assessing the utility of early nocturnal noninvasive ventilation versus annual monitoring (DYVINE; NCT01225614).
Cardiac
Cardiac involvement in myotonic dystrophy was noted in 1911 shortly after the original description of the disease [54] . In contrast to other myopathies and dystrophies, cardiomyopathy is less common (though it does occur), but cardiac conduction abnormalities occur in a majority of patients with DM1 [55] . In DM1, cardiac conduction abnormalities range from asymptomatic PR interval prolongation to complete heart block and correlate with repeat expansion size [56] [57] [58] . Progression of cardiac conduction abnormalities is usually slow but is variable and can be unpredictable presenting a challenge for surveillance and management [59, 60] . Cardiac-related involvement is the second most common source of mortality in DM1, resulting in about 30% [47] of deaths. Bradyarrhythmias and ventricular tachycardia are likely the primary sources of sudden death, but ventricular dysfunction is also a contributor, albeit much less commonly [61] [62] [63] . Pathological analyses of postmortem tissues have shown degeneration, fibrosis, and fatty infiltration of the conduction system, typically the His-Purkinje system but also in the sino-atrial and atrioventricular nodes, and this can result in ectopic activity, conduction failure, and arrhythmias [61, [64] [65] [66] .
In contrast to DM1, the frequency and severity of involvement of the cardiac system are less in DM2 [67] . In an observational study of 104 DM2 and 117 DM1 patients, the PR interval and QRS interval were significantly longer in the DM1 cohort, and the frequency of PR prolongation (≥ 200 ms) was 17% in DM2 as compared with 31% in DM1 [67] . Despite the reduced frequency of cardiac involvement in DM2, 6% of DM2 patients in this study required pacemaker or defibrillator implantation [67] . Another interesting point noted in this study is that conduction deficits in DM1, but not DM2, were significantly correlated with age [67] .
Management of cardiac involvement involves surveillance and prophylactic treatment with pacemaker and defibrillator implantation. Initial recommended screening evaluation includes electrocardiography, echocardiogram, and Holter monitor [63] . Conduction disease on electrocardiography and history of atrial fibrillation are known predictors of sudden death [68] . Implantation of pacemakers is indicated for patients with symptomatic type II and complete atrioventricular block or bradycardia, and defibrillator implantation should be considered for documented sustained ventricular tachycardia, similar to patients without neuromuscular disorders. The unpredictability of progression of conduction disease and the discordance that can occur between symptoms of weakness and cardiac conduction abnormalities necessitates a lower threshold for considering intervention [69] . Prophylactic invasive investigation and preventative measures appear to improve survival in DM1 patients [70] .
Gastrointestinal
Gastrointestinal manifestations are frequent in the myotonic dystrophies, with dysphagia being the most common gastrointestinal complaint in DM1 and constipation the most common in DM2 [71] . Other reported symptoms include acid reflux, fluctuations between diarrhea and constipation that may mirror irritable bowel syndrome, gallbladder problems with a high frequency of cholecystectomy, and liver problems [71] . Pseudo-obstruction of the small bowel, as well as lower GI tract problems such as fecal incontinence, has also been reported [72] [73] [74] . The pathogenesis of GI symptoms remains to be fully ascertained. GI involvement is correlated with the duration of disease but not the severity of skeletal muscle involvement in DM1 [75] . One small study did show a correlation between CTG repeat size and GI symptoms of dysphagia, abdominal pain, and constipation, but larger studies have not [71, 76] . The treatment of dysphagia is supportive, and no clear guidelines exist for its management. Other gastrointestinal symptoms are treated with antacid medications, prokinetic agents, laxatives, and cholecystectomy although again, clear guidelines are lacking [71, 75] . For symptoms of small intestinal bacterial overgrowth, treatment with antibiotics, such as ciprofloxacin, may be effective [77] .
Other Systemic Involvement
A number of other multisystem features of myotonic dystrophy are also common, including ophthalmologic, endocrine, immune, sleep, and dermatologic effects, among others. Cataracts are a characteristic feature of myotonic dystrophy, are present in most patients with DM1 and the majority of patients with DM2, and may be a diagnostic clue for the astute practitioner [13, 78] . Asymptomatic immunoglobulin M and immunoglobulin G hypogammaglobulinemia are present in a majority of patients with both DM1 and DM2 but have not been associated with any important clinical implications [79, 80] . About a 2-fold increased cancer susceptibility has been reported in myotonic dystrophy with endometrial, brain, ovarian, and colon cancers carrying the highest risk compared to the general population [81] . Endocrine dysfunction may include primary hypogonadism, hyperinsulinism usually without frank diabetes and likely related to insulin resistance, and frontal balding, apparent in at least half of patients and increases during aging [82] .
Molecular Pathophysiology
DM1
DM1 results from an unstable expansion of a CTG repeat in the 3′ untranslated region of the DMPK gene, and disease transmission is autosomal dominant with variable penetrance [83] . Affected individuals, homozygous for mutant expansion repeat alleles, express similar phenotypes as compared with heterozygous individuals [84] . Mutant allele repeat sizes range from > 50 to 4000 (Table 1) . Alleles with repeat sizes of 38 to 50 are termed premutations and do not result in DM1 phenotypes but are liable to repeat size expansion. As noted previously, more severe and earlier onset phenotypes have larger repeat expansions; the congenital form of the disease is associated with expansions of > 1000 repeats, and mild phenotypes are associated with expansions of 51 to 149 repeats.
The presence of somatic mosaicism occurs because of instability of repeat size during mitotic divisions. In general, peripheral blood leukocyte expansion sizes are smaller as compared with expansion sizes in other tissues [85] . Somatic mosaicism of repeat sizes may partly explain the variability of phenotypic expression between different tissues as well as between individuals and among family members affected. Instability of premutation and mutant alleles (38 CTG repeats or greater) during meiosis underlies genetic anticipation. Congenital DM1, associated with large, > 1000 to 2000 repeat expansions, is usually transmitted maternally and only rarely paternally [86] [87] [88] . Contraction of CTG repeat expansions can also occur, albeit less commonly (in about 5% of cases), and this is more common with paternal transmission [89] .
The majority of evidence supports that a major pathogenic consequence of expanded CUG repeats in DM1 is an RNA toxic gain-of-function. The export of the expanded CUG RNAs is abnormal, and expanded CUG repeats form hairpin structures that bind and sequester RNA-binding proteins [90] [91] [92] .
As RNA-binding proteins are sequestered (and therefore functionally depleted), this disrupts the splicing of RNA targets of these RNA-binding proteins. As a consequence, these RNA targets are alternatively spliced, resulting in altered protein isoforms. The most notable RNA-binding proteins affected by toxic ribonuclear foci include those in the muscleblindlike (MBNL) family and CUG RNA-binding protein (CUGBP) family with ETR-3-like factor (also known as CELF), that play important roles in RNA splicing, polyadenylation, stabilization, and translation [93, 94] . Specifically, the abnormal sequestration of MBNL and the abnormal stabilization of CELF ultimately lead to alternative splicing of many different premessenger RNAs in various tissues causing multisystemic effects. For example, splicing dysregulation of dystrobrevin 1, dystrophin, CLCN1, BIN1, and RYR1 all likely play roles in the development of muscle weakness and myotonia, whereas aberrant splicing of troponin T and Tau may lead to the cardiac and CNS manifestations, respectively [33, [95] [96] [97] [98] [99] [100] . Splicing dysregulation becomes worse over time because CTG repeats are unstable and become larger during aging [101] .
More recently discovered repeat-associated non-AUG (RAN) translation has gained attention and research is expanding in this area. RAN translation was first reported in DM1 and spinocerebellar ataxia type 8 in 2011 [102] . RAN translation has also been implicated in Fragile X tremor ataxia syndrome and C9ORF72 amyotrophic lateral sclerosis/ frontotemporal dementia [103] . It has become apparent that the DM1 disease mechanism could be related to a combination of RNA toxic gain-of-function and toxicity of RAN proteins [102, 104] . RAN translation does not follow the traditional rules of RNA translation, as expansion can occur without an AUG start codon present and proceeds bidirectionally. Therefore, this translation mechanism contributes to toxic gain-of-function proteins, notably with patients expressing genetic anticipation, early-onset, and worsened prognosis [102] .
Haploinsufficiency of DMPK is not thought to be a major factor in pathogenesis. DMPK knock-out mice do not reproduce the multisystem phenotype but, interestingly, they do develop a late-onset myopathy [105] . Another hypothesis is that the CTG repeat expansion may alter neighboring genes [106] . Again, although alteration of neighboring genes has shown some features of the disease phenotype in knock-out mice, it does not fully explain the broad features seen in myotonic dystrophy patients.
DM2
DM2 is caused by an expanded and unstable tetranucleotide repeat (CCTG) in intron 1 of the CNBP gene (previously referred to has ZNF9) located on chromosome 3 [3] ). Normal repeat length is 7 to 24, and mutant alleles have repeat lengths of 75 to 11,000 repeats. Similar to DM1, intermediate repeat sizes are considered premutation and are more likely to expand during meiosis, increasing the risk of transmitting a mutant allele to offspring. In addition, there is some debate about whether a distinct threshold of repeat expansion number can be used to define repeat instability. There have been cases reported of repeat values less than 75 causing disease, suggesting that those with CCTG repeats between 25 and 75 may show incomplete penetrance [107] . Although the CCTG repeat expansion appears to be even more unstable as compared with the CTG repeat in DM1, repeat size in DM2 does not show correlations with disease severity or age of onset [13, 108] .
The pathogenesis of DM2 has also been attributed to a toxic RNA gain-of-function with a reduction in available MBNL due to its abnormal sequestration into ribonuclear inclusions. Recent work showed competition between rbFOX1 and MBNL1 for binding to CCUG RNA repeats (but not CUG repeats in DM1), and this could explain differences in phenotype between DM1 and DM2 [109] . The role that CUGBP may play in DM2 is less clear as it has not been shown to be overexpressed in muscle biopsies from DM2 patients but is overexpressed in DM1 muscle biopsies [110] . In addition, haploinsufficiency may be a more important mechanism in DM2 than in DM1, although this is not universally agreed upon [111] [112] [113] .
Recent work has shown that expansion mutations in DM2 are also bidirectionally expressed via RAN translation to produce tetrapeptide repeats (LPAC, leucine-proline-alaninecysteine and QAGR, glutamine-alanine-glycine-arginine, proteins, respectively) [114] . LPAC proteins were found in the gray matter of patient autopsy brain samples, whereas the QAGR proteins were found in the white matter regions of brains [114] . It has recently been suggested that during early disease progression, RNA toxic gain-of-function plays a more prominent role in disease progression, and that RAN translation mechanisms result in later progression of the disease [114] .
Emerging Therapeutic Strategies and Biomarkers
Improved understanding of the molecular pathogenesis of the myotonic dystrophies has identified a number of potential therapeutic strategies. Reversal of the spliceopathy has been a major focus of new therapy development. A number of strategies have been investigated, including small molecule therapeutics, antisense oligonucleotide (ASO)-based therapy, and genome editing targeting either the expanded DNA, RNA, or downstream signaling pathways that are altered (Table 2 ). In addition to the development of potential therapies, much work is being done to develop and refine sensitive biomarkers with the hope that biomarkers will provide the ability to directly track disease severity, predict therapeutic response, and demonstrate target engagement in early phase trials [125] . One of the most promising strategies is measurement of alternatively spliced RNA products of predefined targets [120, 126] . One challenge of such measures includes the invasiveness of muscle biopsy, although a disposable core needle for obtaining biopsies (albeit smaller size) has been used to reduce invasiveness. Nevertheless, many tissues that are important for symptom burden are inaccessible to biopsy, i.e., the CNS. Therefore, much work needs to be done to better measure, understand, and track the multisystem effects of myotonic dystrophy.
Small Molecule Therapeutics
High-throughput screening of chemical libraries has been used in the field of myotonic dystrophy with the hope of discovery of small molecules with high affinity and specificity to the intended target. The theoretical benefits of small molecule compounds as compared to other strategies include cost of manufacturing, ease of oral delivery, and perhaps most importantly sufficient biodistribution, a feature that is necessary to address the multisystem effects of the disease. Thus far, many such compounds have been identified that target different aspects of the disease mechanism. One of the more common therapeutic strategies has been the development of compounds that bind to expanded CUG transcripts, which can have a number of effects, including a decrease in the formation of toxic ribonuclear foci or freeing sequestered MBNL [127, 128] . Historically, small molecules targeting RNA have been difficult to develop for many reasons, including limited tertiary structure and the anionic nature of RNA repeats (therefore impeding specificity and increasing liability for off-target effects). Nevertheless, 1 molecule that binds to CUG repeats, developed by Rzuczek and colleagues, has been shown to improve MBNL1-dependent pre-mRNA splicing defects in DM1-affected cells and was more potent when compared to a morpholino ASO [127] . The increased potency of the small molecule was thought to be because of the recognition of RNA structure rather than the RNA sequence. Erythromycin has been shown to work by a similar mechanism, and oral administration in a DM1 mouse model led to a reduction in ribonuclear foci formation and splicing abnormalities [120] . As another example, pentamidine, an antibiotic traditionally used to treat pneumocystis pneumonia, was also identified as a compound able to disrupt MBNL1 binding in vitro [129] . However, later studies have demonstrated that pentamidine may actually work upstream by inhibiting transcription of the mutant CTG repeats which is similar to the mechanism of actinomycin D shown in cell and mouse models [117, 119] . There are also molecules in development that are able to work through multiple mechanisms-binding to the CTG DNA repeats, binding to the CUG RNA repeats, and cleaving the CUG repeats, which has obvious possible advantages to only targeting 1 step in the pathogenesis [130] .
Small molecules have also been designed to target pathways more downstream, such as inducing overexpression of MBNL1, a method that has shown promising results [122] . Another molecule currently in the spotlight is tideglusib, a selective and irreversible non-ATP-competitive glycogen synthase kinase 3 inhibitor. It is thought that glycogen synthase kinase 3 activity is increased in DM1, leading to stabilization and increased levels of CELF1, subsequently causing changes in CELF-regulated RNA splicing as mentioned above [124, 131] . A phase II clinical trial of tideglusib (NCT02858908) for patients' ages 12 to 45 years old with congenital and juvenile-onset DM1 was recently completed with results forthcoming. Other avenues being investigated include protein kinase C inhibition due to its role in hyperphosphorylation of CELF proteins, normalization of the AMP-activated protein kinase/mammalian target of rapamycin pathway and blocking the tumor necrosis factor-like weak inducer of apoptosis/ fibroblast growth factor-inducible 14 [132] [133] [134] [135] . Alteration of RBPs MBNL overexpression by using AAV-mediated transduction Kanadia et al. [123] MBNL overexpression by using small molecule compounds Chen et al. [122] rbFOX1 overexpression (DM2) Sellier et al. [109] Increased levels and stabilization of CELF1
Wei [124] Note: Some examples may work in multiple domains
Posttranscriptional Gene Silencing Using Nucleotide Sequences
The use of ASOs is an important recent therapeutic strategy in the treatment of genetic neuromuscular disorders [136] . They consist of a strand of nucleotides that bind to specific hnRNAs or mRNAs and require modification so that they are not degraded in vivo and, therefore, reach the target tissue. In the case of myotonic dystrophy, ASOs can interfere with the binding between MBNL and the pathogenic RNA, similar to many of the small molecules previously mentioned, either by targeting the CUG-repeat expansion directly or by targeting a flanking sequence. Several ASOs have shown efficacy in vitro and in vivo in transgenic mice and nonhuman primates [137] [138] [139] [140] . One ASO developed by Ionis Pharmaceuticals entered a phase I/IIa multiple ascending dose study (IONIS-DMPKRX). Unfortunately, the ASO did not reach the sufficient concentration in muscle due to inadequate biodistribution, and thus, the trial was stopped early. Small interfering RNA and short hairpin RNA have also shown some efficacy in preclinical studies but have yet to reach clinical trial readiness [101, 141, 142] .
Genome Editing
The wide-reaching effects of genome editing, particularly with CRISPR/Cas9, have yet to be seen. So far, it is clear that this revolutionary technology has the potential to treat monogenic disorders, including myotonic dystrophy, but a number of challenges have to be first surmounted. To put it simply, a Cas9 nuclease is complexed with a guide RNA that targets a specific genomic locus. The nuclease cuts the DNA at the target location, thus correcting the genetic defect. The benefit (and potential drawback) to this approach is that genetic defects are permanently changed, whereas other methods, such as ASOs, require repeated administration. The chief concerns surrounding this approach are similar to the other proposed strategies: possible nonspecific/off-target effects and immunogenicity to either the genome editing components or delivery particles, particularly if a viral vector-mediated delivery system is used. In addition, perhaps 1 of the biggest challenges is distribution and ensuring the target tissue is reached, a problem highlighted by the first ASO clinical trial discussed above [143] . Nevertheless, in vitro genome editing studies in DM1 have been promising. One study using myoblasts from transgenic mice found that dual cleavage at both sides of the CTG expansion led to complete and precise excision of the repeat. Removal of the repeat did not have any detrimental effects on the expression of neighboring genes and was able to eliminate RNA ribonuclear foci and eliminate abnormal splicing [115] . Another study demonstrated similar efficacy using a different protocol in cell models from different DM1 patients [144] . Yet another study was able to use the CRISPR/Cas9 system to eliminate the repeat expansions in human cells using a smaller version that was optimized for possible adeno-associated virus packaging [145] . Although many studies concentrate on genome modification of terminally differentiated somatic cells, some have examined the use of genome editing of induced pluripotent stem cells that could be used for developing autologous stem cell therapy [146, 147] . Placement of polyA signals upstream of the CTG expansion using transcription activator-like effector nucleases, a different genome editing tool than CRISPR/Cas9, was able to stop the production of the mutant transcripts. These cells maintained pluripotency and were able to differentiate into normal neurons and cardiomyocytes in vivo [146] .
Conclusions
The myotonic dystrophies are complex multisystem disorders that are currently managed with supportive care to address a multitude of skeletal muscle, cardiac, endocrine, and CNS symptoms, among other effects of the disease. There is still much work to be done to improve understanding of symptom burden and effects of the disease on patients' lives as well as how to reduce this burden. Exciting developments have identified potential therapeutic targets that, if engaged, should result in improved disease phenotype. The biggest challenges appear to be the design of therapeutics that can reach the target tissues, such as visceral organs, cardiac muscle, skeletal muscle, and CNS. This is not a minor task considering the currently available strategies and limitations. The discovery and refinement of sensitive stratifying, pharmacodynamic, and therapeutic efficacy biomarkers will allow tractable disease response (or nonresponse) and therefore rapid clinical trial implementation. There is, in particular, an ongoing need for biomarkers that can demonstrate target engagement and early therapeutic response in inaccessible tissues, such as the CNS, as disease effects in these tissues represent a major source of disease and symptom burden.
